Two photosystems, PSI and PSII, drive electron transfer in series for oxygenic photosynthesis using light energy. To balance the activity of the two photosystems under varying light conditions, mobile antenna complexes, light-harvesting complex IIs (LHCIIs), shuttle between the two photosystems during state transitions. PSI forms a complex consisting of PSI core and its peripheral light-harvesting complex (LHCI) in plants and algae. In a previous study, we isolated a PSI-LHCI-LHCII supercomplex containing both LHCI and LHCII from state 2 cells of Chlamydomonas reinhardtii. In the present study, we isolated a PSI-LHCI-LHCII supercomplex associating with more LHCII complexes under a further optimized protocol. We determined its antenna size by three independent methods and revealed that the associated LHCIIs increased the antenna size by about 70 Chls and transferred light energy to the PSI core. Uniform labeling of total cellular proteins with 14 C indicated that the PSI-LHCI-LHCII supercomplex contains 1.85 copies of LhcbM5 and CP29 and 1.29 copies of CP26. PSI-LHCI-LHCII also stably bound 0.4 copy of ferredoxin-NADP + oxidoreductase (FNR) that catalyzes lightinduced electron transfer from PSI to NADP + in the presence of ferredoxin. We discuss the possible organization of these LHCIIs in the PSI-LHCI-LHCII supercomplex.
Introduction
Linear electron transfer from H 2 O to NADP + in oxygenic photosynthesis is driven by two photosystems, PSII and PSII, which are embedded in thylakoid membranes. In plants and green algae, PSI and PSII associate with light-harvesting complexes, LHCI and LHCII, to form PSI-LHCI and PSII-LHCII supercomplexes, respectively (Dekker and Boekema 2005) . For efficient light utilization and protection of the photosynthetic apparatus from photoinhibition, the balance of PSI and PSII activities must be regulated properly under different light conditions. In general, long-term changes in light condition modify the amount of LHCII and/or the stoichiometry of PSI and PSII. On the other hand, under short-term changes in light condition such as fluctuating light, state transitions balance the excitation between PSI and PSII by re-distributing LHCIIs between the two photosystems.
The molecular basis of the state transitions has been investigated extensively (Bonaventura and Myers 1969 , Murata 1969 , Allen and Forsberg 2001 , Wollman 2001 , Rochaix 2007 . When PSI is preferentially excited, LHCIIs associate with PSII and transfer excitation energy predominantly to the PSII reaction center (state 1). In contrast, when PSII is preferentially excited, some of the LHCIIs migrate from PSII to PSI and transfer more excitation energy to PSI (state 2). The reversible LHCII translocation between the two photosystems is regulated by the redox state of the plastoquinone (PQ) pool and Cytb 6 f (Allen et al. 1981 , Allen 1992 , Wollman 2001 . In plants and green algae, the transition from state 1 to state 2 accompanies phosphorylation of LHCII (Allen et al. 1981 , Turkina et al. 2006 , Rochaix 2007 , Vener 2007 , Kargul and Barber 2008 . LHCIIs are phosphorylated by thylakoid kinase(s) Kohorn 1999, Snyders and Kohorn 2001) that are activated by the binding of PQH 2 at the Q o site of the Cytb 6 f complex (Wollman and Lemaire 1988 , Vener et al. 1997 , Zito et al. 1999 , Wollman 2001 . Thylakoid kinases, STT7 and STN7 (Depège et al. 2003 , Bellafiore et al. 2005 , which are involved in LHCII phosphorylation, have been reported in Chlamydomonas reinhardtii and Arabidopsis thaliana, respectively, and a phosphatase, PPHI/TAP38 (Depège et al. 2003 , Pribil et al. 2010 , Shapiguzov et al. 2010 , which is involved in LHCII dephosphorylation, is reported in Arabidopsis.
Plant Cell Physiol. 55(8): 1437 Physiol. 55(8): -1449 Physiol. 55(8): (2014 Lunde et al. (2000) reported that PsaH is required for formation of the docking site(s) for associating with LHCII in Arabidopsis. In fact, a PSI complex-associated LHCII was isolated from the wild type (WT) but not from a PsaH knock-down mutant . In Arabidopsis, the PSI-LHCI complex associated with a trimeric LHCII was characterized by single particle analysis (Kouřil et al. 2005) . In Chlamydomonas, it was reported that CP29 binds to the PsaH side of the PSI-LHCI complex in state 2 (Kargul et al. 2005) . CP29 and other minor monomeric LHCIIs are localized between the PSII core complex and the major trimeric LHCII (Nield et al. 2000 , Yakushevska et al. 2003 . It is considered that monomeric LHCIIs play roles in harvesting light as well as mediating excitation energy transfer from trimeric LHCIIs to the PSII core complex (Minagawa and Takahashi 2004) . It is assumed that CP29 also plays a role in docking trimeric LHCIIs to the PSI core (Kargul et al. 2005 , Takahashi et al. 2006 . It was revealed that a CP29 knock-down mutant is deficient in state transitions and it was shown that LHCII could not functionally associate with PSI-LHCI under conditions used to induce cells to enter state 2 (Tokutsu et al. 2009 ).
We have previously reported the isolation of a PSI-LHCI supercomplex containing substantial amounts of CP29 and LhcbM5 and a trace amount of CP26 (Takahashi et al. 2006 ). Here, we were able to isolate a PSI-LHCI supercomplex associated with a more complete set of LHCIIs from C. reinhardtii WT cells in state 2 by improving the isolation conditions. The preparation contained most of CP29 and LhcbM5 and a substantial amount of CP26 in the thylakoid membranes but no LHCII trimer. We determined the antenna size of the PSI-LHCI-LHCII supercomplex by immunoblotting, gel filtration and P700 measurements, and demonstrated the excitation energy transfer to the PSI reaction center from the antennae. We also estimated by uniform 14 C labeling that about five copies of the LHCIIs are associated with the PSI-LHCI supercomplex. The PSI-LHCI-LHCII supercomplex contained ferredoxin-NADP + oxidoreductase (FNR), which is active in NADP + reduction, but no Cytb 6 f complex, indicating the FNR directly binds to the PSI complex.
Results

Induction of Chlamydomonas cells to state 2
We have previously isolated a PSI-LHCI-LHCII supercomplex from state 2-induced Chlamydomonas WT cells (Takahashi et al. 2006) . Immunoblot analyses revealed that the majority of LhcbM5 (LHCII type II) in the thylakoid membranes was copurified with the PSI-LHCI-LHCII supercomplex, whereas some of CP29 and only a trace amount of CP26 co-purified with the supercomplex. In the present study, we improved procedures to induce cells to state 2 and isolated Chl-protein complexes as quickly as possible in order to obtain a PSI-LHCI-LHCII supercomplex associated with a more complete set of LHCIIs. To induce the cells to state 1, the PQ pool and the Cytb 6 f complex were oxidized by illuminating the cells in the presence of DCMU which blocks electron transfer from PSII to PQ (Takahashi et al. 2006) ; to induce the cells to state 2, the PQ pool and Cytb 6 f complex were reduced by incubating the cells under dark and anaerobic conditions in the presence of glucose and glucose oxidase (Wollman and Delepelaire 1984) . We also used the Cytb 6 f-deficient mutant (Áb 6 f), Fud6, which is locked in state 1, and the plastocyanin-deficient mutant (ÁPc), ac208, which can be induced to state 2 only by illumination. Fig. 1A shows low temperature fluorescence emission spectra of the cells. Fluorescence emission peaks from PSII and PSI were observed at 686 nm (F686) and 714 nm (F714), respectively. The state 2-induced cells of the WT and ÁPc showed a stronger F714 than F686 signal, whereas the state 1-induced cells of the WT and Áb 6 f showed a significantly reduced F714. It is evident that the decrease in F714 was more prominent in Áb 6 f cells than in WT cells.
The transition from state 1 to state 2 follows the phosphorylation of LHCII polypeptides (Wollman 2001 , Rochaix 2007 . We detected phosphorylated PSII and LHCII polypeptides by immunoblotting using two commercially available antibodies against phosphothreonine. The antibody from Cell Signaling Technology (CS) strongly cross-reacted with CP43 and moderately with D2 and LHCII polypeptides [CP26, CP29, LHCII type I (LhcbM3/4/6/8/9), LHCII type II (LhcbM5) and LHCII type IV (LhcbM1)], whereas that from Zymed Laboratories (Zym) cross-reacted with CP26, CP29 and LHCII type I polypeptides. Fig. 1B shows that CP26, CP29 and LHCII type I, II and IV polypeptides were scarcely phosphorylated in state 1 cells of the WT and Áb 6 f, whereas they were markedly phosphorylated in state 2 cells of the WT and ÁPc. Under the present experimental conditions, the phosphorylation of LHCII type III (LhcbM2 and 7) was undetectable in both state 1 and state 2 cells. We estimated the relative increase in phosphorylation of CP26 and LHCII type I [ Fig. 1B (i) ] and CP29 [ Fig. 1B (ii)] after transition from state 1 to state 2 using the phosphorylation level in Áb 6 f as a standard for state 1 cells. Phosphorylated CP26, CP29 and LHCII type I polypeptides increased 10-, 5-, and 6-to 8-fold, respectively. The relative phosphorylation levels of LHCII types II, III and IV were not determined because the phosphorylation of these polypeptides was scarcely detected in the state 1 cells. From the low temperature fluorescence spectra and the phosphorylation levels, we concluded that WT cells could be induced to state 2 to a significantly high level under the present experimental conditions.
Isolation of the PSI-LHCI-LHCII supercomplex from state 2 WT cells
In order to allow comprehensive characterization, the PSI-LHCI supercomplex was isolated from the state 2 thylakoid membranes from WT cells by sucrose density gradient ultracentrifugation as described previously (Sugimoto and Takahashi 2003, Takahashi et al. 2006) . Three Chl-protein complexes (A-1, A-2 and A-3) were separated from the state 1 thylakoid membranes, whereas an additional band (A-3 0 ), which is the PSI-LHCI-LHCII supercomplex, was separated from the state 2 thylakoid membranes (Fig. 2) as reported previously (Takahashi et al. 2006) . The distribution of CP26, CP29 and LhcbM5 appears to be almost similar in the broad A-3 0 band but slightly more LhcbM5 was present in the fractions near the bottom, suggesting a slight heterogeneity in LHCII composition. Although it is expected to detect the PSII-LHCII supercomplex in the state 1 thylakoid membranes, PsbA was fractionated exclusively in A-2 (Fig. 2) . This suggests that the PSII-LHCII supercomplex is unstable under the present solubilization condition using n-dodecyl-b-D-maltoside (DM). It is noted that no PsbA was detected in A-3 0 , indicating that the presence of CP26, CP29 and LhcbM5 in A-3 0 is not due to a contamination by the PSII-LHCII supercomplex.
We estimated the distribution of PSI and the three LHCII polypeptides (CP26, CP29 and LhcbM5) separated from the state 2 thylakoid membranes by immunoblotting; 37 ± 6% and 61 ± 6% of total PsaA was fractionated in A-3 0 and A-3, respectively. In contrast 68 ± 7%, 88 ± 1% and 92 ± 2% of total CP26, CP29 and LhcbM5, respectively, was fractionated in A-3 0 . These observations indicate that more CP26 and CP29 remained associated with the PSI-LHCI-LHCII supercomplex under the present conditions. It is of interest that FNR was exclusively separated in A-3 0 despite being scarcely detected in any fractions from the state 1 thylakoid membrane extracts except a very weak band in A-1. FNR was stably bound to the thylakoid membranes from state 2 cells ( Supplementary Fig.  S1 ), which in turn points to the PSI-LHCI-LHCII supercomplex being responsible for the stable binding. The bound FNR catalyzed the electron transfer reaction from Fd to NADP + ( Supplementary Fig. S2 ). The addition of purified FNR enhanced the activity 2-fold, which suggests that only half of the binding sites on the PSI-LHCI-LHCII supercomplex were occupied by the bound FNR and the unoccupied sites can functionally bind externally added FNR ( Supplementary  Fig. S2 ). These observations are fairly consistent with the estimation that 0.38 copy of FNR bound to the PSI-LHCI-LHCII supercomplex ( Table 1) .
Estimation of increased antenna size in the PSI-LHCI-LHCII supercomplex
It remains to be addressed how much the presence of the three LHCIIs increased the antenna size of the PSI-LHCI-LHCII supercomplex. We thus estimated the antenna size using three independent methods. First we compared the amounts of PSI polypeptides between A-3 and A-3 0 based on an equal amount of Chls (0.2 mg) using immunoblotting with anti-PsaA and anti-PsaD antibodies (Fig. 3) . The signal intensities of PsaA and PsaD in A-3 0 were 82 ± 4% and 79 ± 2% of those in A-3, respectively, indicating that PSI-LHCI-LHCII contains about 25% more Chls than PSI-LHCI. 0 from the top of the gradient) were separated. The gradients were fractionated from the bottom to the top, and the fractions were subjected to immunoblotting using antibodies against PsaA (PSI core), FNR, PsbA (PSII core), PetB (Cytb 6 f), CP26, CP29 and LhcbM5. The arrowhead indicates LhcbM5 and the asterisk indicates the cross-reaction with LHCII type I. The A-3 0 fraction provided a single peak of PSI-LHCI-LHCII on gel filtration chromatography when the supercomplex was separated with a low salt buffer, as already reported (Takahashi et al. 2006) (Fig. 4, left panel) . A small peak B was most probably due to a low level of contamination by PSI-LHCI separated in A-3. When the complexes were separated using elution buffer that contains 50 mM NaCl, PSI-LHCI-LHCII was dissociated into PSI-LHCI, intensifying peak B, and LHCIIs in peak C (Fig. 4, right panel) . This observation suggests that LHCIIs are electrostatically associated with PSI-LHCI. The complete separation of PSI-LHCI and LHCIIs enabled us to estimate that 76 ± 3% and 24 ± 3% of the Chls in the PSI-LHCI-LHCII were present in PSI-LHCI and LHCIIs, respectively, indicating that the antenna Chl was increased by about 30% in PSI-LHCI-LHCII.
We also estimated the antenna sizes of PSI-LHCI (A-3) and PSI-LHCI-LHCII (A-3 0 ) by measuring flash-induced P700 oxidation (Fig. 5) . The flash-induced absorption difference spectra of these two preparations were almost superimposable and the maximum absorption decreases were observed at 430 and 699 nm, except for those in the range between 670 and 690 nm. Since PSI-LHCI-LHCII contains a larger antenna, the amplitude of flash-induced absorption decrease at 430 nm, which is ascribed to P700 photo-oxidation, was smaller in PSI-LHCI-LHCII than in PSI-LHCI. It was estimated from the absorption decrease at 430 nm (Witt et al. 2003 ) that the Chl/ P700 ratios in PSI-LHCI and PSI-LHCI-LHCII were 277 ± 8 and 348 ± 11, respectively. Thus the Chl content of PSI-LHCI-LHCII is 26% larger than that of PSI-LHCI, indicating that an additional 71 Chl molecules are bound to the LHCIIs.
LHCIIs function as antennae for PSI in the PSI-LHCI-LHCII supercomplex
The three independent estimations of the amount of Chls bound to LHCIIs in PSI-LHCI-LHCII clearly indicated that the supercomplex contained 25-30% larger antenna by associating with LHCIIs. To assess whether the LHCIIs associated with PSI-LHCI transfer excitation energy to the PSI reaction center, we subsequently analyzed flash intensity-dependent saturation curves of P700 photo-oxidation. First we measured the effect on the saturation curves of the addition of 100 mM NaCl, which dissociates the physical connection between PSI-LHCI and LHCIIs, as shown in Fig. 4 . Fig. 6A shows that the half-saturation flash intensity was clearly shifted to a higher flash intensity when the LHCIIs were disconnected by the addition of NaCl. The comparison of the saturation curves of PSI-LHCI Fig. 4 Determination of Chl distribution between PSI-LHCI and LHCIIs. PSI-LHCI-LHCII (A-3 0 ) was subjected to gel filtration chromatography and separated with a buffer containing 0 or 100 mM NaCl. The fractions were analyzed by immunoblotting with anti-PsaA, Lhca5, CP26, CP29 and LhcbM5 antibodies. 
PSI-LHCI (A-3) and PSI-LHCI-LHCII (A-3
0 ) (0.2 mg Chl ml -1 ) were subjected to immunoblotting as 100%. A dilution series of A-3 (0, 12.5, 25, 50 and 75%) was also analyzed. The quantification of the signals was carried out by immunoblotting analysis using anti-PsaA and PsaD antibodies. from A-3 and PSI-LHCI-LHCII from A-3 0 revealed that the halfsaturation intensity of A-3 was also shifted to a higher intensity than that of A-3 0 (Fig. 6B ). These observations indicate that the LHCIIs in PSI-LHCI-LHCII transferred at least part of the excitation energy to the PSI reaction center to induce P700 photooxidation.
Stoichiometry of the LHCIIs in PSI-LHCI-LHCII
Assuming that 14 Chls are present in one LHCII complex (Liu et al. 2004) , 71 Chls on the LHCIIs, as shown in Fig. 5 , correspond to five copies of LHCIIs in the PSI-LHCI-LHCII complex. To determine the amounts of the bound LHCII polypeptides relative to the PSI polypeptides, we isolated PSI-LHCI-LHCII from the cells with uniformly 14 C-labeled proteins, achieved by growing Chlamydomonas cells in high salt minimal (HSM) medium supplemented with [ 14 C]acetate. Since the concentration of [ 14 C]acetate (30-40 mM) was significantly lower than that in Tris acetate-phosphate medium (TAP medium; 17 mM), we first examined the effect of the different growth media on the accumulation of the PSI and the LHCII polypeptides by immunoblotting. Fig. 7A shows that the thylakoids from the cells grown in TAP accumulated PSI polypeptides (PsaD and PsaF) at a 20% lower level and LhcbM5 at a 50% higher level than the cells grown in HSM (supplemented with 40 mM cold acetate), whereas the accumulation of C26, CP29 and FNR remained almost unaffected (see also the second column in Table 1 ). Next we isolated PSI-LHCI-LHCII from the cells grown in TAP and HSM (supplemented with 40 mM cold acetate) and compared their polypeptide compositions. Immunoblotting (Fig. 7B ) and staining with a fluorescence dye (Fig. 8A, B) revealed that PsaD and PsaF were also reduced to a similar level, but CP26 and CP29 increased by 24-29% in PSI-LHCI-LHCII from the cells grown in TAP compared with the cells in HSM (see also the third and fourth columns in Table 1 ). The increases in CP26 and CP29 were mainly ascribed to more stable association of these polypeptides during the isolation procedures. It is noted that LhcbM5 also increased by 60% in PSI-LHCI-LHCII from TAP-grown cells. The estimation of the Chl/P700 ratio in PSI-LHCI-LHCII from HSM-grown cells was 331 ± 11. This size is 17 Chl molecules smaller than that of PSI-LHCI-LHCII from TAP-grown cells and the difference is approximately consistent with the decreased amount of CP26, CP29 and LhcbM5.
Subsequently, we isolated PSI-LHCI-LHCII from the state 2 cells labeled with 14 C. In order to estimate the stoichiometry between PSI core and LHCIIs proteins accurately, the polypeptides of PSI-LHCI-LHCII were separated by two different SDS-PAGE systems; one is the 'high Tris' gel, which is appropriate for the separation of the PSI and LhcbM5 polypeptides (Fig. 8A, D) and the other is the 'urea' gel, which is appropriate for the separation of FNR, CP26, CP29 and LhcbM5 (Fig. 8B, C) . The amounts of PsaD, PsaF, CP26, CP29 and FNR relative to that of LhcbM5 are summarized in + -P700 absorbance spectra were measured in PSI-LHCI (A-3) and PSI-LHCI-LHCII (A-3 0 ). PSI preparations (10 mg Chl ml -1 ) were excited by a single saturation flash. The inset shows the kinetics of the flashinduced absorbance decrease at 430 nm in the presence of DCIP, ascorbate and methyl viologen.
consistent with the increase of the antenna size by about 70 Chl molecules, which we determined in the present study, if it is assumed that the LHCII binds 14 Chl molecules.
Discussion
A PSI-LHCI-LHCII supercomplex associates with most of CP26, CP29 and LhcbM5
In the present study, we improved our protocol to isolate a PSI-LHCI-LHCII supercomplex from WT cells induced to state 2 under dark and anaerobic conditions, which was associated with significantly more LHCII complexes as compared with Fig. 6 Flash-induced saturation curve of P700 photo-oxidation. The effect of the flash intensity on P700 photo-oxidation was determined by measuring the absorbance decrease at 699 nm. (A) The saturation curves of PSI-LHCI-LHCII (A-3 0 ) were determined in the absence or presence of 100 mM NaCl. (B) The saturation curves of PSI-LHCI and PSI-LHCI-LHCII were compared. The insets show the saturation curves at low flash intensities (0-10%). PSI-LHCI (A-3) and PSI-LHCI-LHCII (A-3 0 ) were adjusted to 8 and 10 mg Chl ml -1 , respectively, to achieve the same P700 concentration. Three independent experiments were carried out. Error bars represent the SD. . 7 Effects of the growth culture on the amounts of PSI and LHCII subunits. The thylakoid membranes (0.5 mg Chl ml -1 ) (A) and PSI-LHCI-LHCII (0.2 mg Chl ml -1 ) (B) isolated from the cells cultured in TAP and HSM medium, respectively, were subjected to immunoblotting. The arrowhead indicates LhcbM5 and the band below is a crossreaction with LHCII type I. For correct estimatation, dilution series of the thylakoid membranes and PSI-LHCI-LHCII isolated from the cells grown in TAP medium were loaded. The quantification of the signals detected using antibodies against PSI subunits (PsaD and F), monomeric LHCIIs (CP26, CP29 and LhcbM5) and FNR was carried out with a Multi Gauge ver3.0. The obtained result is summarized in Table 1 .
that isolated in our previous report (Takahashi et al. 2006 ). Although it is expected to detect a PSII-LHCII supercomplex from cells induced to state 1, PSII was separated in A-2 as a PSII core complex (Fig. 2) . These observations indicate that PSII-LHCII is unstable under the present solubilization and/or purification conditions. The estimation that approximately 90% of CP29 and LhcbM5 remained associated with PSI-LHCI-LHCII strongly suggests that these LHCIIs are antenna complexes for PSI in state 2 cells. Although only a trace amount of CP26 was detected in the previous PSI-LHCI-LHCII preparations, the PSI-LHCI-LHCII isolated in the present study associated with two-thirds of CP26 present in the thylakoid membranes, thus strongly suggesting that CP26 is also an authentic component of PSI-LHCI-LHCII. In the state 2 thylakoid membranes, it was estimated that approximately 40% and 60% of total PSI complex formed PSI-LHCI-LHCII and PSI-LHCI supercomplexes, respectively. Even under the present improved condition, 30% of total CP26 was detected in A-1 on a sucrose density gradient, suggesting that the CP26 was dissociated from PSI-LHCI-LHCII and/or PSII-LHCII supercomplexes during solubilization and/or purification or had been present as a monomer in the thylakoid membranes. The analyses of knock-down mutants showed that CP26 is not required for the state transitions and the stable formation of PSI-LHCI-LHCII, suggesting that CP26 may be peripherally located on PSI-LHCI-LHCII and is not required for the binding of CP29 and LhcbM5 to PSI-LHCI-LHCII (Tokutsu et al. 2009 ). It is possible that LHCII trimers composed of LHCII type I, III and IV may be associated with PSI-LHCI-LHCII in the state 2 cells although we could not detect these LHCIIs even in the present PSI-LHCI-LHCII preparation. If PSI-LHCI-LHCII weakly binds trimeric LHCIIs in state 2 cells, it is necessary in future work to search for milder purification conditions.
Estimation of the antenna size of the PSI-LHCI-LHCII supercomplex
We estimated the antenna size of PSI-LHCI-LHCII associated the LHCIIs (CP26, CP29 and LhcbM5) using three different approaches. The obtained results consistently indicated that PSI-LHCI-LHCII contains a larger antenna with approximately 70 more Chls than PSI-LHCI. The association of five copies of LHCIIs was determined by uniform 14 C labeling. The LHCIIs in PSI-LHCI-LHCII were functional for harvesting light and transferring the excitations to the PSI core. Overall, these findings indicate that approximately two copies of CP29 and LhcbM5 and 1.5 copies of CP26 were functionally associated with the isolated PSI-LHCI-LHCII. Kargul et al. (2005) reported a smaller PSI-LHCI-LHCII preparation from the state 2 thylakoid membranes of Chlamydomonas. The preparation contained one CP29 but no CP26 and LhcbM5. The discrepancy might be ascribed to the difference in conditions to induce cells to state 2 and/or to isolate PSI-LHCI-LHCII. Zhang and Scheller (2004) reported that Arabidopsis PsaH-deficient mutants, which are locked in state 1, showed a 15% decreased PSI antenna size, indicating the presence of two copies of LHCII in state 2. Consequently the PSI-LHCI-LHCII supercomplex isolated in the present study associates with more LHCII than those in previous reports , Kargul et al. 2005 , Boekema et al. 2006 .
It is of interest that LhcbM5 accumulates approximately 50% more in TAP-grown cells than in HSM-grown cells under the same light condition. It is reported that the expression of LHCB genes changes under different light conditions; the expression is low in the dark while it is significantly up-regulated in dim light but is down-regulated in excess light (Teramoto et al. 2002 , Miura et al. 2004 . It remains to be addressed why the mixotropohic condition results in a higher accumulation of LhcbM5 compared with the photoautotrophic condition.
Stable binding of FNR to PSI-LHCI-LHCII
On the reducing side of PSI, ferredoxin accepts an electron from the secondary electron acceptor of PSI, F B /F A , and then transfers it to FNR to reduce NADP + . It is generally accepted that the association of FNR with thylakoid membranes is unstable and part of FNR is lost during thylakoid membrane preparation. It is reported that FNR is present in isolated Cytb 6 f from spinach (Zhang et al. 2001 ) and in the PSI-LHCI-LHCII-Cytb 6 f supercomplex from Chlamydomonas (Iwai et al. 2010 , Terashima et al. 2012 , Takahashi et al. 2013 . It is thus proposed that FNR might be more stably bound to Cytb 6 f and might be involved in cyclic electron transfer around PSI. However, it was shown in the present study that FNR binds to thylakoid membranes more stably when cells were induced to state 2 ( Supplementary Fig. S1 ). It should be noted that the bound FNR was exclusively co-purified with PSI-LHCI-LHCII but not with Cytb 6 f (Fig. 2) . The bound FNR in PSI-LHCI-LHCII catalyzed NADP + photoreduction in the presence of ferredoxin, indicating that FNR is functionally bound to PSI-LHCI-LHCII ( Supplementary Fig. S2 ). Although the present study indicates that the bound FNR catalyzes linear electron transfer from ferredoxin to NADP + , it is not ruled out that it is also involved in cyclic electron transfer. The absence of FNR in PSI-LHCI (A-3) suggests that the presence of LHCIIs stabilizes FNR binding to the PSI core complex. However, it appears that the amount of the LHCIIs associated with PSI-LHCI is not very important for the stable binding of FNR because PSI-LHCI-LHCII supercomplexes from cells grown in HSM and TAP associated with a different amount of LHCIIs but contained nearly the same amount of FNR (0.36-0.38 copy) ( Table 1) .
Localization of CP26, CP29 and LhcbM5 in PSI-LHCI-LHCII
Chlamydomonas contains nine distinct Lhca complexes (Lhca1-Lhca9) intimately associated with the PSI core complex (Stauber et al. 2003 , Stauber et al. 2009 ). Single particle analyses suggested that 9-11 Lhca subunits are bound to one side of the PSI core complex and are organized in two layers (Germano et al. 2002 , Kargul et al. 2003 , Drop et al. 2011 ). This proposed structure has clearly been shown by the crystal structure of a plant PSI-LHCI (Ben-Shem et al. 2003 , Amunts et al. 2007 . It is proposed that the other side of the PSI core complex, in which PsaH, PsaI, PsaL and probably PsaO are localized, provides a docking site for LHCII during state transitions (Kargul et al. 2005 , Kouřil et al. 2005 , Amunts et al. 2007 . Chemical cross-linking showed that PsaH, PsaI and PsaL bound to Lhcb1 and 2 . Additionally, it is known that a PsaO mutant was significantly affected in state transitions, and a PsaH mutant was completely compromised in the state transitions (Lunde et al. 2000 , Jensen et al. 2004 . Five copies of LHCII complexes (CP26, CP29 and LhcbM5) are likely to be localized on the PsaH/I/L side of the PSI core complex. The knockdown of CP26 showed no effect on state transitions and the binding of CP29 and LhcbM5 to the PSI core complex (Tokutsu et al. 2009 ). Kargul et al. (2005) reported that CP29 associates with the PSI core at the PsaH side, while Tokutsu et al. (2009) reported that the knockdown of CP29 inhibited the association of monomeric LHCIIs with PSI, indicating the direct association of CP29 with the PSI core complex. In addition, LhcbM5 is bound to the PSI core more stably than CP29 and CP26 (Takahashi et al. 2006) . It is thus inferred that CP29 and LhcbM5 intimately associate with the PSI core, whereas CP26 associates with the PSI core indirectly, probably via CP29 and/ or LhcbM5. Considering the limited space on the PsaH/I/L/O side of the PSI core complex (Kouřil et al. 2005 , Drop et al. 2011 ), we propose a tentative organization of the LHCIIs in the PSI-LHCI-LHCII supercomplex in Fig. 9 . According to this model, CP29 and LhcbM5 are located in the interior and directly bind to the PSI core complex on the PsaH/I/L/O side, whereas CP26 is located exteriorly and indirectly binds to PSI core via CP29 and/or LhcbM5. Since most PSI and LHCI subunits are pseudo-symmetrically arranged in the PSI-LHCI supercomplex, the LHCIIs were pseudo-symmetrically located in this model. It is indeed necessary to carry out structural investigation of the PSI-LHCI-LHCII supercomplex to determine the localization of the LHCIIs.
Materials and Methods
Strains and growth conditions
We used the C. reinhardtii WT strain 137C, a Cytb 6 f complexdeficient mutant (Áb 6 f), Fud6, and a plastocyani-deficient mutant (Pc), ac208. Cells were grown to mid-log phase (3-5Â10 6 cells ml -1 ) in TAP medium (Terauchi et al. 2009 ) at 25 C under 50 mmol photons m -2 s -1 light for the WT and under 10-20 mmol photons m -2 s -1 light for mutants (Gorman and Levine 1965) . In radiolabeling experiments, WT cells were grown in HSM medium (Sueoka 1960) Isolation of thylakoid membranes from state 1 and state 2 cells
WT and mutant cells were harvested by centrifugation (3,500Âg, 5 min, 25 C) and resuspended in TAP medium. We induced the cells to state 1 and state 2 according to the methods of our previous work (Takahashi et al. 2006 ) and of Wollman and Delepelaire (1984) with a slight modification. To induce cells to state 1, WT cells at 0.5Â10 8 cells ml -1 were illuminated at 400 mmol photons m -2 s -1 in the presence of 10 mM DCMU for 20 min, whereas Áb 6 f cells at 2Â10 8 cells ml -1 were kept in the dark for 5 min. To induce cells to state 2, WT cells at 2Â10 8 cells ml -1 were incubated under anaerobic conditions in the presence of 20 mM glucose and 0.2 mg ml -1 glucose oxidase (SigmaAldrich) in the dark for 10 min, whereas ÁPc cells at 2Â10 8 cells ml -1 were illuminated at 50 mmol photons m -2 s -1 for 10 min. Thylakoid membranes were isolated as described in Chua and Bennoun (1975) in the presence of 10 mM NaF.
Fluorescence measurements
Fluorescence emission spectra of the cells were measured at 77 K with a Hitachi F-4500 fluorescence spectrophotometer (Hitachi Koki). The samples were excited with actinic light at 430 nm. Cells (4 mg Chl ml -1 ) were induced to state 1 and 2 by illumination at 100 mmol photons m -2 s -1 in the presence of 10 mM DCMU or incubation under anaerobic condition in a sample tube (3 mm diameter) as described above and were immediately frozen in liquid nitrogen before measurements.
SDS-PAGE and immunoblotting
Polypeptides from cells, thylakoid membranes and Chl-protein preparations were solubilized with 2% SDS and 0.1 M Fig. 9 A proposed model for the PSI-LHCI-LHCII supercomplex. The schematic subunit organization is viewed from the stromal side. Nine LHCI subunits are organized in two layers on one side of the PSI core complex (Drop et al. 2011) . On the opposite side of the core complex, LHCII-binding sites are proposed adjacent to PsaH/I/L subunits on the PSI core complex (Amunts et al. 2007 ). CP29 and LhcbM5 are tentatively located on the PsaL/H/I side of the PSI core and CP26 is located on CP29 and LhcbM5. dithiothreitol at 100, 80 and 60 C for 1 min, respectively. We used four different SDS-PAGE systems to separate polypeptides of interest under optimal conditions according to Fling and Gregerson (1986) , Hatano-Iwasaki et al. (2000) , Kashino et al. (2001) , Laemmli (1970) and Schagger and von Jagow (1987) . Polypeptides separated by SDS-PAGE were stained with Flamingo fluorescent dye (Bio-Rad) and were detected using an FLA-7000 fluoro-image analyzer (Fujifilm). Immunoblotting was performed as described in Takahashi et al. (2006) . Antibodies against phosphothreonine were purchased from Zymed Laboratories Inc. and Cell Signaling Technology Inc. The signals were detected by enhanced chemiluminescence (ECL) using an LAS-4000 miniEPUV luminoimage analyzer (Fujifilm). Signals were analyzed with the Multi Gauge ver3.0 software (Fujifilm).
Sucrose density gradient ultracentrifugation
Thylakoid membranes were solubilized with 1.6% (w/v) DM (Anatrace Inc.) on ice for 30 min and the resulting extracts were loaded on a sucrose density gradient [0.1-1.3 M sucrose, 5 mM Tricine-NaOH (pH 8.0) and 0.05% DM] and centrifuged at 288,000Âg with an SW41Ti swinging bucket rotor (Beckman Coulter) at 4 C for 21 h.
Gel filtration chromatography
PSI-LHCI-LHCII isolated in A-3 0 on a sucrose density gradient was subjected to gel filtration column chromatography on Superose 6HR 10/30 with an Ä kta explorer 10S (GE Healthcare). The elution buffer contained 0.05% DM, 50 mM Tris pH 8.0. To dissociate PSI-LHCI-LHCII into PSI-LHCI and LHCII, 100 mM NaCl was added to PSI-LHCI-LHCII and to the elution buffer. To estimate Chl distribution after gel filtration chromatography, Chls were extracted from lyophilized fractions with absolute methanol and their concentrations were determined according to the method of Porra et al. (1989) .
Measurements of P700 photo-oxidation
Flash-induced absorption changes of P700 were measured in PSI-LHCI (A-3) and PSI-LHCI-LHCII (A-3 0 ) using a Shimazu UV-2450 spectrophotometer as described previously (Ozawa et al. 2010) . Both the PSI preparations (10 mg Chl ml -1 ) in a buffer containing 0.05% DM and 5 mM Tricine-NaOH (pH 8.0) were excited with a saturating flash (MS-23DA; SUGAWARA Laboratories Inc.) in the presence of 1 mM sodium ascorbate and 1 mM 2,6-dichlorophenolindophenol (DCIP). When measuring absorption changes in the blue region, an actinic flash was passed through cut-off filters VR-61 and VR-62 (Toshiba) and the photomultiplier was protected by a Corning 4-96 filter (Corning Inc.). When measuring absorption changes in the red region, an actinic flash was passed through a Corning 4-96 filter and the photomultiplier was protected by a VR-67 cut-off filter. The concentration of P700 was estimated from the flash-induced absorption decrease at 430 nm using Áe = 49 mM -1 cm -1 (Witt et al. 2003) . For measuring flash-induced saturation curves of P700 photo-oxidation, PSI-LHCI (A-3) and PSI-LHCI-LHCII (A-3 0 ) were adjusted at 8 and 10 mg Chl ml -1 , respectively, to achieve the same P700 concentration. The actinic flash was passed through a Corning 4-96 filter and the photomultiplier was protected by a VR-68 cut-off filter and an interference filter ( o = 700 nm, T max = 82.4%, Á 1/2 = 18.4 nm) (Nihonshinku).
Measurement of NADPH photoreduction
Photoreduction of NADPH was measured by monitoring the light-induced absorption increase at 340 nm at 25 C with a Shimazu UV-2450 spectrophotometer. Actinic light was passed through a V-Y50 cut-off filter (Toshiba) while the photomultiplier was protected by an U340 interference filter (Edmund). The activity was estimated using Áe = 6.22 mM -1 cm -1 .
Uniform radiolabeling of cellular proteins
Cellular proteins were uniformly radiolabeled as described previously (Pierre et al. 1995) with some modifications. WT cells grown in TAP medium at 6-7Â10 6 cells ml -1 were diluted 10 times with HSM medium and grown for 12 h. The resulting cells were grown for 24 h in the presence of 2 mCi ml -1 [ 14 C]acetate (GE Healthcare). The labeled cells were collected and broken by vortexing with glass beads after induction to state 2, and thylakoid membranes were isolated as described previously (Ozawa et al. 2010) . The thylakoid membranes were washed with 2 M NaBr to remove extrinsic proteins and solubilized with 1.6% DM. The Chl-protein complexes were separated by sucrose density gradient ultracentrifugation (0.1-1.3 M sucrose gradient containing 0.05% DM) with a TLS-55 rotor (Beckman Coulter) at 259,000Âg for 2.5 h. The resulting gradients were fractioned from the bottom and were subjected to SDS-PAGE. After electrophoresis, gels were dried, and polypeptides were labeled with 14 C, detected on the Imaging Plate (Fujifilm) and visualized using an FLA-4000. The resulting signal intensities were quantified by analyzing with Multi Gauge ver3.0. The estimated signal intensities were divided by carbon numbers of each polypeptide based on their molecular weights. Since the mature sequences of CP26 and LhcbM5 have not yet been determined, we calculated their carbon numbers based on their postulated sequences from Minagawa et al. (2001) and Elrad and Grossman (2004) , respectively. Then, we determined the stoichiometry of LHCII per PSI by normalizing the LHCII values with the value derived from PsaD.
Supplementary data
Supplementary data are available at PCP online.
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